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Characterizing Cultivable Bacteria from Trachymyrmex septentrionalis Fungus 
Gardens 
 
Hannah Beatty 
 
Abstract 
The relationship between the fungus-growing ant Trachymyrmex septentrionalis, its 
symbiotic cultivar fungus, and the transient and residential community of microorganisms is a 
diverse and complex symbiosis that has evolved over space and time. The fungus garden, 
comprised primarily of the cultivar fungus belonging to the family Leucocoprineae, provides an 
environment that hosts many bacteria, which may also play an important role in this symbiosis. 
Although it is known that Pseudonocardia bacteria defend the ant host against fungal pathogens, 
other species of bacteria that are present in these fungus gardens also likely contribute to this 
symbiosis. Previous studies of this system have revealed the importance of secondary 
metabolites in mediating the interactions between microorganisms and their hosts. In 
collaboration with Dr. Sarah Kopac, I have sequenced the genomes of several of these bacteria 
that were isolated from T. septentrionalis fungus gardens using Pacific Biosciences sequencing 
technology through a collaboration with the Joint Genome Institute. I also sequenced the 
genomes of three Delftia isolates through services provided by the UConn MARS facility to 
identify the biosynthetic gene clusters for secondary metabolites that these strains produce. By 
assembling and annotating these genomes, I have identified genes for the biosynthesis of these 
metabolites to support collaborators who are characterizing the metabolomes of these strains. 
This will provide a better understanding of the role that these resident bacteria play in T. 
septentrionalis fungus gardens and provide a next step for the isolation of the secondary 
metabolites that they produce. 
 
Introduction 
 The rise in resistance to commonly used antibiotics, especially among pathogenic 
microorganisms, has led to increased concern about their long-term efficacy for treating disease. 
At least 2 million people become infected with antibiotic resistant bacteria each year in the 
United States, and that number is anticipated to increase over time (Centers for Disease Control 
and Prevention, 2013). This rise in resistance combined with an overall decline in antibiotic drug 
discovery research has led to an urgent need for novel antibiotics (Spellberg et al., 2008). 
Traditional drug discovery methods can be an expensive, time consuming, and have high 
compound rediscovery rates. Pharmaceutical companies are therefore reluctant to dedicate 
resources towards the development of new antimicrobial drugs (Scheffler et al., 2013). Different 
techniques must therefore be used to search for new antibiotics, including those from fast-
growing field of computational genomics. 
Genome mining is the process of analyzing bacterial or fungal genomes for biosynthetic 
gene clusters (BGCs) that may produce novel secondary metabolites, including antibiotic 
compounds (Scheffler et al., 2013). With the development of next generation sequencing, this 
has been shown to be an effective and inexpensive tool to detect possible antimicrobial 
candidates. My honors thesis investigated the presence of biosynthetic gene clusters in genomes 
of three Delftia sp. bacteria strains that were isolated from a Trachymyrmex septentrionalis 
fungus garden using genome mining. I fully sequenced and assembled the genomes of all three 
of these isolates using multiple sequencing and assembly methods to alleviate any potential 
sequencing bias and ensure the quality of the assemblies that I used for to identify BGCs. 
The complex symbiotic relationship between fungus-growing ants and their cultivar is an 
ideal model for the discovery of novel secondary metabolites. Like all insects, fungus growing 
ants host a large community of microbial symbionts that defend against pathogens and provide 
nutrients to their fungal cultivar. The complex web of specialized communication and 
competition between different organisms that comprise the fungus garden microbial community 
is thought to be mediated by secondary metabolites (Klassen, 2014). Understanding the role that 
these compounds play in relatively unexplored bacteria-insect relationships may increase the 
likelihood of finding novel antimicrobial compounds (Clardy et al., 2009). 
The fungus-growing ant species Trachymyrmex septentrionalis is a member of the ant 
tribe Attini. Their colonies are found mostly in the United States ranging from the Southeast, 
including Texas, all the way up the East Coast to Long Island, New York. (Rabeling et al., 
2007). T. septentrionalis ants have an obligatory symbiotic relationship with their fungal 
cultivar, which they grow underground and use as a source of food. Worker ants maintain the 
gardens by providing nutrients in the form of dead vegetative debris and insect feces (Currie, 
2001). They also defend the fungal cultivar from pathogens. T. septentrionalis has a second type 
of mutualistic relationship in which the ants host an antibiotic-producing bacterial symbiont of 
the genus Pseudoncardia that helps to defend the fungus gardens against fungal pathogens 
(Clardy et al., 2009). This relationship has been noted as a possible source of antibiotics in this 
symbiosis. Although the phylogenetic diversity of this Pseudonocardia may be an important 
source of secondary metabolite discovery, it is likely that the other resident bacterial species may 
also produce antimicrobial compounds. 
The three fungus garden bacteria strains that I chose to focus on here were originally 
isolated and identified using Sanger sequencing of their 16S rRNA gene by Rofina Johnkennedy 
during her UConn Honor’s thesis project. All three strains were identified as being Delftia 
tsuruhatensis and were found to inhibit the growth of several ESKAPE pathogens, including 
Staphylococcus epidermis, Acinetobacter baylyi, and Pseudomonas putida. (Johnkennedy, 2016). 
Because Delftia tsuruhatensis had not previously been identified in fungus gardens and because 
little is known about their secondary metabolite chemistry, all three strains were selected for 
further chemical characterization by the Balunas lab. Their organic extractions of these strains 
showed no inhibitory activity against ESKAPE pathogens. However, their ability to inhibit 
pathogen growth in co-cultured was confirmed, and so all three isolates were selected for 
genome sequencing and biosynthetic gene cluster analysis to identify the secondary metabolites 
that they produce. 
 
Methods 
Isolation of Bacterial Strains 
Collecting Ant Colonies 
 The three bacteria strains selected for sequencing were isolated from the T. 
septentrionalis colony JKH000062, which was collected on July of 2014 from Robert Murphy 
County Park in Suffolk County, New York (Long Island). Identification and excavation of this 
colony and isolation of these and 5 other cultivable bacteria from this fungus garden were 
performed by Rofina Johnkennedy during her UConn Honor’s thesis project. (Johnkennedy, 
2016). 
T-Streaks 
 Bacterial strains were grown on Tryptic Soy Agar (TSA), which was supplied by Becton 
and Dickinson and prepared according to manufacturer’s instructions. Culture plates of TSA 
were used to grow and isolate single colonies of each strain from their frozen stocks. For each 
plate, bacteria were grown using the T-streak method and a single well-isolated colony was used 
to re-streak another TSA plate to confirm a pure culture. The morphological characteristics of the 
colonies were checked against the data collected from the original observations of these strains 
taken before the generation of the frozen stocks to ensure they appeared as expected. 
(Johnkennedy, 2016). 
Liquid Culture and Pellet Formation 
 After the morphology of the colonies was confirmed, a single well-isolated colony was 
chosen for each strain and was used to inoculate a sterile culture flask containing 50 mL of 
Tryptic Soy Broth (TSB), which was grown overnight in a shaking incubator. Tryptic Soy Broth 
was also supplied by Becton and Dickinson and made as per the manufacturer’s instructions. 
Once sufficient growth had occurred in each flask, indicated by cloudy liquid media, the culture 
was transferred to a sterile 50 mL falcon tube and pelleted in an Eppendorf 5810 R centrifuge at 
18,000 rcf for 10 minutes. The supernatant was then poured off and disposed of while being 
careful not to disturb the pellet of bacteria that had formed at the bottom of the tube. The 
resulting pellet was then labelled, frozen, and stored at -20°C. 
Identification of Bacterial Strains 
DNA Extraction 
 After thawing each of the three bacteria pellets on ice, a sterile inoculating loop was used 
to collect a small amount of biomass from each frozen pellet and resuspended in a sterile 1.5 mL 
Eppendorf tube containing 150 L of Tris-EDTA (TE) buffer (1X), which was made up using 
dH2O, 1M Tris-HCl, and 0.5M EDTA. After returning the pellets to the freezer, the labelled 
Eppendorf tubes were lightly vortexed to homogenize the suspension of bacterial cells. These 
dilute suspensions were then used to perform DNA extractions using an Illumina Epicentre 
MasterPure extraction kit. The extractions were done according to the protocol provided with 
this extraction kit. The completed extractions containing isolated DNA were suspended in 35 L 
of TE Buffer (1X), incubated at room temperature overnight, and then stored frozen at -20°C. 
CTAB DNA Extractions 
 For the strains submitted to JGI for PacBio sequencing, the DNA extractions were 
performed using an alternate extraction protocol originally developed by members of Cameron 
Currie’s Lab (Cafaro et al., 2011). A cetyl trimethylammonium bromide (CTAB) extraction 
buffer was prepared with 0.02 g/L of CTAB, 5M NaCl, 2M Tris-HCl, 0.5M EDTA, and a final 
pH of 8. A sterile inoculating loop was used to transfer a loopful of biomass to a bead beating 
tube containing 250 L of CTAB buffer. The samples were then placed in a Mini-Beadbeater 96 
provided by Biospec, bead beat 3 times for 2 minutes each, and chilled on ice for 2 minutes and 
30 seconds in between. A solution of 24:1 chloroform/isoamyl alcohol was made up and 250 L 
of this solution was added to each tube and vortexed. Tubes were then placed in a 
microcentrifuge and spun at full speed using an Eppendorf Microcentrifuge 5424, approximately 
23,000 rcf, for 15 minutes. The tubes were then carefully removed and the upper aqueous layer 
that had formed in each tube was pipetted into new individual 1.5 mL tubes containing 200 L of 
cold isopropanol. The samples tubes were incubated at -20°C overnight. Once the incubation 
time had elapsed they were again centrifuged at full speed at 4°C for 30 minutes. The 
supernatant was then carefully aspirated from the samples and disposed of while the tubes were 
left to dry in a sterile tissue culture hood. The dried DNA was next dissolved in 50 L of 
Nuclease Free H2O and stored at -20°C. 
Polymerase Chain Reaction  
 To verify the identity of the bacterial strains, the DNA extractions were first quantified 
using a BioTek Eon High Performance Microplate Spectrophotometer and used as templates for 
polymerase chain reactions (PCR). Using the acquired quantification data, approximately 0.75 
L of template DNA at a concentration of 100 ng/L was added to a reaction mixture that was 
prepared for each tube. The reaction mixture was made up to amplify the 16S rRNA gene and 
contained a GoTaq polymerase and a GoTaq master mix, which were obtained from 
ThermoFisher Scientific. The mixture also contained a 1492R reverse primer (5’-TAC CTT GTT 
ACG ACT-3’) and 27F forward primer (5’-AGA GTT TGA TCC TGG TCA-3’) acquired from 
Integrated DNA Technologies at a concentration of 20 M (Weisberg et al., 1991). The reaction 
tubes were placed in a BioRad T100 thermocycler that was programed to run for approximately 
2.75 hours with the cycle starting with an initial temperature of 95°C held for 2 minutes. Next, 
the thermocycler was transitioned to at a denaturing temperature of 95°C dropping to an 
annealing temperature of 54°C back up to a replication temperature of 72°C. Each temperature of 
this cycle was sustained for 1 min and the this was repeated 34 times. The thermocycler was then 
switched to a final temperature of 72°C which was maintained for 5 minutes before dropping and 
holding at 10°C for an infinite amount of time. 
The samples were removed from the thermocycler and the PCR amplified DNA was 
purified using Agencourt AMPure XP PCR Purification Beads. Clean DNA was generated using 
a protocol adapted from Agencourt’s AMPure XP Protocol. A total of 36 L of Agencourt XP 
beads were added to each PCR tube containing 20 L of amplicon DNA and mixed by pipetting. 
The samples were incubated at room temperature for 5 minutes before being firmly set onto a 
96S Super Magnetic Plate provided by Alpaqua for 2 minutes. The liquid in the tubes was then 
aspirated while being careful not to disturb the ring of beads on the side of each tube. The beads 
were washed twice with 70% ethanol, which was immediately aspirated each time. The samples 
were removed from the magnetic plate and allowed to dry for 90 seconds before 40 L of 
certified Nuclease Free Water, provided by ThermoFisher Scientific, was added. Each sample 
was lightly mixed using a pipette before being set in the magnetic plate for 1 minute. Once the 
incubation time had elapsed the DNA was transferred to a clean 0.2 mL PCR tube, which was 
labelled and stored at -20°C. 
Gel Electrophoresis 
 To ensure that the PCR reaction successfully amplified the targeted 16S rRNA gene, a 
1% agarose gel was run to ensure the quality of the clean PCR samples. The agarose was 
supplied by ThermoFisher Scientific and the gel was prepared by adding 0.5 grams of agarose 
powder to a clean flask containing 50 mL of 1X Tris-acetate-EDTA (TAE) buffer, which is 
comprised of 40 mM Tris, 20 mM acetic acid, and 1 mM EDTA. The agarose was mixed with a 
stirring rod and heated to a boil for approximately 30 seconds in a standard microwave. The flask 
was then allowed to cool for 5 minutes before 2.5 L of 10 mg/mL Ethidium Bromide (EtBr) 
was added to the mixture to allow for imaging of the DNA. Before pouring the gel, a well comb 
was set in place over a gel casting frame. The gel sat at room temperature for approximately 30 
minutes to solidify. Once the gel was solid, the well comb was carefully removed and the gel 
was set in a gel box filled to the maximum fill line with 1X TAE buffer. With 5 L of the 
samples added to individual wells, the BioRad PowerPac Basic Power Supply generator was set 
to 84 V and the gel was allowed to run for approximately 40 mins. Once the run time had elapsed 
the gel was removed and placed in a UVP Gel Doc-It 2 Imager to capture an image of the final 
product under an EtBr filter to visualize the bands of DNA. 
Sanger Sequencing 
 After confirmation of PCR amplification, the cleaned PCR product for each sample was 
thawed and quantified using a Qubit 3.0 Fluorometer. This was done following the protocol 
provided by the ThermoFisher Scientific Qubit dsDNA High Sensitivity Assay kit. The 
quantified samples were then prepared to be submitted for Sanger Sequencing at the Center for 
Genomic Innovation (CGI) located at the University of Connecticut (UConn). Following the 
preparation protocol provided by the CGI, two clean PCR tubes were prepared for each sample 
containing 6.75 ng of amplicon DNA and mixed with 1 L of 20 mM 16S rRNA gene reverse 
primer (1492R) in one tube and forward primer (27F) in the other. The premixed samples were 
submitted via the CGI drop box and the digital sequencing data was received within 48 hours of 
submission. Two data files were generated for each sample, one for the forward reaction and one 
for the reverse. These two files were visibly checked for possible sequencing contamination by 
examining the raw trace files, which contain the detected fluorescent peaks. If background 
fluorescence made it impossible to distinguish individual peaks, then the sequences were 
considered to be contaminated and were not used. Using the sequence assembly programs pre-
Gap4 and Gap4 as part of the Staden Package-2.0.0b11 (Staden, 1996), consensus sequences 
were generated from the forward and reverse files. The final contig was then searched for errors 
and manually edited using the forward and reverse trace files for reference. The final 16S rRNA 
gene sequence was cataloged in the lab database and submitted to the National Center for 
Biotechnology Information’s (NCBI) nucleotide Basic Local Alignment Search Tool (BLAST) 
to determine the closest statistically significant sequence match in the NCBI nucleotide 
collection (nr/nt) database. This query was performed on December 21 2017, it aligned 
sequences against those already present in the selected database using the megablast program to 
select for highly similar sequences. (Johnson et al., 2008). 
Genomic Sequencing 
Tape Station 
 With the identity of the strains confirmed, the original DNA extractions for each of the 
three samples were analyzed for quality using an Agilent 2200 TapeStation Automated 
Electrophoresis system located at CGI. Dilutions of each sample were prepared within a range of 
10 to 100 ng/L and added to a pre-prepared plate containing buffer that was provided by CGI 
with a standard ladder. The plate was briefly centrifuged at 800rpm for 10 seconds before being 
placed in the TapeStation. The samples were then run on the porous wells of the tape to analyze 
the average fragment size in each sample and ensure that DNA sheering had not occurred in the 
DNA extraction process.  
Illumina MiSeq 
 After obtaining a confirmation of quality from the TapeStation, the samples were 
prepared for whole genome sequencing using an Illumina MiSeq sequencer. Sequencing services 
for Illumina MiSeq sequencing were provided by the Microbial Analysis, Resources, and 
Services (MARS) center located at UConn. Each sample was diluted to 8 ng/l according to the 
most recent MARS sample concentration standards for sequencing on the Illumina Miseq, which 
specified a sample concentration of >100ng in a sample volume of 25 L. The samples also 
underwent paired end Nextera library preparation at the sequencing facility. Samples were once 
again submitted on site via the facility drop box. Once sequencing was complete, the raw data 
fasta file was downloaded from Illumina’s BaseSpace sequencing hub. 
Oxford NanoPore minION 
 A second type of sequencing was performed on the three Delftia strains using an Oxford 
Nanopore minION sequencer. Strains JKS 583 and JKS 566 were sequenced together on the 
same sequencing run, while JKS 571 was sequenced on a different sequencing run. Although 
sequencing of the three strains occurred on different days the methods used to prepare the 
samples were the same with the exception of the flow cell that was used in the sequencing runs. 
With assistance from PhD student Sarah Goldstein, the three Delftia strains were prepared by 
following the 1D Native barcoding genomic DNA (with EXP-NBD103 and SQK-LSK108) 
protocol (Version: NBE_9006_v103_revP_21Dec2016) provided by Oxford Nanopore. The kits 
used for this protocol were also provided by Oxford Nanopore and include the Native Barcoding 
Kit 1D (EXP-NBD103), the Ligation Sequencing Kit 1D (SQK-LSK108), and the Library 
Loading Bead Kit (EXP-LLB001). All indicated mandatory steps were followed, including the 
optional DNA repair step during the sample processing that used a NEBNext FFPE DNA Repair 
Mix and Buffer provided by New England Biosciences. The samples were barcoded and pooled 
according to the protocol, and sequenced on a Flow Cell provided by Oxford Nanopore. Strains 
JKS 583 and JKS 566 were sequenced using a Flo-MIN107 R9.4.1 Flow Cell, while sequencing 
for strain JKS 571 was performed on a Flo-MIN107 R9.5.1. Sequencing occurred over the 
course of two days. Once the run has been terminated and the resulting raw data was collected, 
the data files were run through a base-calling program Albacore v2.0.1 
(https://github.com/Albacore/albacore), which translated the voltage signal data collected during 
the sequencing process into individual nucleotides. This same program also pooled the individual 
reads by barcode, separating them by strain and discarding any reads whose barcode could not be 
identified. 
Genome Assembly 
Trimmomatic and Nanofilt 
 Initial quality assurance of the raw data collected by both sequencing methods was 
performed on both sets of raw data files. The Illumina MiSeq reads were edited using the 
program Trimmomatic-0.36 (Bolger et al., 2014) to remove adapter contamination and low-
quality sequencing reads. The trimming parameters used were the same for each of the strains; 
the specified adapter was NexteraPE-PE.fa:2:30:10 and the sliding window was set to 4:15 to 
eliminate any poor quality data without removing any higher quality data from the reads. 
(Supplemental Figure S1). The Nanopore minION reads were filtered and trimmed using 
Nanofilt-2.0.0 (De Coster et al, 2018) to increase the quality of the raw data. Again all of the 
strains were run through the program using the same parameters. In this case the quality filter 
was set to 9 for minimum read quality and the length filter was set to 500 base pairs for 
minimum read length. (Supplemental Figure S2). 
SPAdes and Unicycler 
 A total of four different genome assemblies were performed for each Delftia strain using 
the data obtained from the trimmed Illumina MiSeq and Oxford Nanopore minION reads. Two 
of these assemblies were preformed using the assembly software SPAdes-3.11.1 (Nurk et al., 
2013), which is an algorithm that uses kmers to construct a de Bruijn graph to assemble the reads 
into contigs. The other two assemblies were done using Unicycler-0.2.0 (Wick et al., 2017). One 
of the two assemblies completed using SPAdes-3.11.1 and Unicycler-0.2.0 was done using only 
Illumina MiSeq reads, and the other two assemblies used both the short Illumina reads and the 
longer Oxford Nanopore minION reads. The parameters used when running SPADES-3.11.1 
assemblies can be found in Supplemental Figure S3 and those used for Unicycler-0.2.0 are listed 
in Supplemental Figure S4. Once each of the four total assemblies were completed, the output 
files were analyzed using Quality Assessment Tool for Genome Assemblies (QUAST 4.6.3; 
Gurevich et al., 2013), which collects data on assemblies including the number of contigs, contig 
N50, contig length, and total assembly length. These data were used to gauge the efficacy of the 
different assembly methods. 
Detection of Biosynthetic Gene Clusters 
ClustCompare Pipeline 
 After gathering data on the four assemblies for each sample using QUAST 4.6.3, the file 
containing the contigs from the more accurate assembly for each genome was run through the 
ClustCompare Pipeline to detect and compare the secondary metabolite biosynthetic gene 
clusters present in the assembled genomes based on their domain content. ClustCompare is an 
open access program that is made up of three major pipelines to find, compare, and annotate any 
secondary metabolite biosynthetic gene clusters present in the assembled input genomes. 
(https://github.com/klassen-lab/ClustCompare). The first of these steps uses a program called 
antiSMASH-4.1.0 (Medema et al, 2011) to annotate the secondary metabolite biosynthetic gene 
clusters encoded by the input genomes. Dependency programs for this script included Perl 
“Parallel::ForkManager” version 1.19 module (http://search.cpan.org/%7Eyanick/Parallel-
ForkManager-1.19/lib/Parallel/ForkManager.pm) and BioPerl 
(https://github.com/bioperl/bioperl-live). In the next script, clusters are compared for similarity 
by their orthologous pfam domain content. This was done by using Perl “Parallel::ForkManager” 
module version 1.19, BioPerl, PfamScan 31.0 (Finn et al., 2015), and BLAST+ (Camacho et al., 
2009). The final script is used as a way to detect fragmented clusters based on overlapping contig 
ends using “Parallel::ForkManager” module version 1.19 and MUMmer4 (Kurtz et al., 2004). 
The scripts for this pipeline were downloaded from GitHub (https://github.com/klassen-
lab/ClustCompare) and run according to the instructions provided. The output files of the 
detected clusters were then visualized using Cytoscape-3.6.1 (Shannon et al., 2003). 
Average Nucleotide Identity  
 To determine the similarity between the assembled strains, the fasta files from the Hybrid 
Unicycler assemblies that were used in the ClustCompare pipeline were compared to each other 
using an Average Nucleotide Identity Calculator made available by the Kostas Lab (http://enve-
omics.ce.gatech.edu/ani/). This calculator measured the nucleotide-level similarity of each set of 
two submitted genomes (Goris et al., 2007). A reference genome was also used as a comparison 
for the three strains. This genome was determined to be the closest related whole genome 
sequence in the NCBI nucleotide collection (nr/nt) database, which was done by checking the 
results from the BLAST query done for the16S rRNA gene sequence of each strain. The same 
reference genome was used for comparison to each of the samples, Delftia tsuruhantensis strain 
CM13 (accession number: GCA_001753225.1). Comparisons were submitted to the calculator 
via the Kostas Lab website and results were received by e-mail. 
Results 
JGI Sample Submission 
Table 1: Bacteria isolated from T. septentrionalis fungus gardens that have been successfully 
sequenced by the JGI as part of this project. 
 
Strain ID Bacterial Species State of 
collection 
Colony ID Genome 
Size 
(Mbp) 
Coverage Number 
of 
Contigs 
JKS000199 Serratia sp. 
Florida 
JKH000024 5.13 230X 1 
JKS000233 Enterobacteriaceae 
sp.  Florida 
JKH000011 3.79 370X 6 
JKS000234 Enterobacteriaceae 
sp.  Florida 
JKH000011 5.45 88X 5 
JKS001869 Micrococcaceae 
sp. Florida 
JKH000125 2.59 355X 2 
JKS000296 Serratia sp. 
Florida 
JKH000029 5.15 93X 4 
JKS000303 Burkholderia sp. 
New Jersey 
JKH000044 8.16 311X 6 
JKS001846 Bacillus sp. North 
Carolina 
JKH000161 5.96 494X 2 
JKS000250 Pantoea sp. 
Florida 
JKH000011 4.87 124X 3 
  To study the role and function of resident fungus garden bacteria in the T. septentrionalis 
symbiosis, the genomes of several different bacteria have being sequenced using Pacific 
Biosciences sequencing technology through a collaboration with the Joint Genome Institute 
(JGI). Dr. Sarah Kopac and I have submitted and received sequencing data for a total of 8 
resident fungus garden bacteria (Table 1). These isolates were selected from fungus gardens 
sampled from throughout the Eastern United States. DNA extractions for the strains in the above 
table were processed using a CTAB extraction protocol and prepared for full genome sequencing 
on a Pacific Biosciences RS II sequencer (PacBio) which was performed at the JGI. The 
assembly and analysis of the sequencing data for these strains will allow for the analysis of 
biosynthetic gene clusters encoded in their genomes. In collaboration with Marcy Balunas lab, 
the information gathered by using this technique will use synthetic biology to produce and 
discover the secondary metabolites encoded by these gene clusters. 
Species Verification of Delftia Strains 
 
Figure 1: Agarose gel image of 16S rRNA gene amplicons that were PCR amplified from 
Delftia strains. 
 I PCR amplified the 16S rRNA gene from each of the three Delftia strains isolated by 
Rofina Johnkennedy and analyzed for bioactivity by Brendan Stewart of Dr. Marcy Balunas’ lab 
(Figure 1). The presence of three distinct solid bands appear, as expected, to be located at around 
1500 base pair ladder mark, indicating that the PCR reaction successfully amplified the targeted 
16S rRNA gene (Weisberg et al., 1991). Based on these results, all samples were marked as 
ready for Sanger Sequencing.  
Table 2: Identification of Delftia strain isolates using BLAST analysis of their 16S rRNA genes. 
 
Strain ID Closest Match Query Cover Identity NCBI Accession 
Number of 
Closest Match 
JKS000566 Delftia sp. 100% 99% KR673339.1 
 
JKS000571 Delftia sp. 100% 99% KT034456.1 
 
JKS000583 Delftia sp. 99% 100% KT034456.1 
 
 
The identity of all three strains was confirmed to be Delftia species with a high degree of 
statistical certainty, each having a Query Coverage and Identity to reference strains ranging 
between 99-100% (Table 2). These results also confirmed purity of the DNA extractions used for 
Sanger sequencing of the 16S rRNA gene, which indicated that it was possible for the DNA 
extractions to be used for whole genome sequencing. 
 
 
 
 
 
 
DNA Extraction Fragment Quality 
   
 
Figure 2: Tapestation read length concentration graphs for each DNA extract. 
Having confirmed that the DNA extractions for the Delftia strains were pure and of the 
expected species, the fragment length distribution of each extract was analyzed using 
TapeStation Automated Electrophoresis to check the quality of the DNA extractions (Figure 2). 
The high peaks located toward the right end of the x-axis in the graphs indicated that the samples 
consisted mostly of long reads, making them optimal for sequencing. The disparity between peak 
heights is likely due to differences in the concentration of DNA used for each experiment. The 
smaller less concentrated peaks found at the beginning of the x-axis indicate background 
fragments of DNA that were expected debris likely accumulating during the extraction process. 
DNA Sequencing Results 
Table 3: Statistical analysis of Delftia Illumina MiSeq raw sequencing data. 
Strain ID Bacterial 
Species 
Number of 
Reads 
Read 
Length 
Total Number of Bases 
Sequenced 
Coverage* 
JKS000566 Delftia sp. 1,840,112 251 461,868,112 68X 
JKS000571 Delftia sp. 4,965,532 251 1,246,348,532 186X  
JKS000583 Delftia sp. 1,968,722 251 494,149,222 71X 
*Coverage was calculated using the Genome Length obtained from the completed Hybrid 
Unicycler Assembly for each strain 
 
Table 3 represents the number of reads and bases per sample that were produced by 
sequencing the three Delftia sp. strains using the Illumina Miseq sequencer. The coverage is also 
given for each Delftia sp. strain. This was calculated by using the Lander/Waterman Equation 
Coverage = (Read Length) (Number of Reads) / (Genome Length). (Lander et al., 1988). The 
most likely reason for the large difference in coverage for JKS 571 in comparison to JKS 566 
and JKS 583 is due to this sample being sequenced on a different day.  
Table 4: Statistical analysis of Delftia Oxford Nanopore minION raw sequencing data. 
Strain ID Bacterial 
Species 
Number of 
Reads 
Read 
Length 
Total Number of Bases 
Sequenced 
Coverage* 
JKS000566 Delftia sp. 12052 2949 68,979,565 5.19X 
JKS000571 Delftia sp. 4997 2783 13,907,477 2.07X 
JKS000583 Delftia sp. 5255 3100 35,453,297 2.34X 
*Coverage was calculated using the Genome Length obtained from the completed Hybrid 
Unicycler Assembly for each strain 
 
 Table 4 represents the number of reads and bases produced by sequencing the three 
bacteria isolates using the Oxford Nanopore minION sequencer. Coverage was determined using 
the Lander/Waterman Equation. (Lander et al., 1988).  
 
Figure 3: Representative graph of the mean GC content for raw data obtained from Illumina 
MiSeq sequencing run of the Delftia strains. The forward read data for strain JKS 566 is shown. 
 
Once the raw fasta files from the Illumina whole genome sequencing run were obtained 
for each experimental strain, the quality of the reads was analyzed using Fastqc (Figure 3). 
(https://github.com/s-andrews/FastQC). The result of which indicated that all three of the 
samples had an above average GC content, around 66-67%. Figure 3 is a representative image of 
the GC content found in the raw data files obtained from the Illumina MiSeq. The blue bell curve 
represents the theoretical GC distribution per read, while the red curve is the measured GC count 
per read. The small peak towards the lower end of the GC bell curve and the lack of reads above 
80% GC content indicates a possible bias in the sequencing process. This is likely due to the 
PCR steps in the Nextera library preparation method causing reads with a lower GC content to be 
overrepresented in the total population of sequencing reads. It was this bias that lead to the 
decision to sequence the strains on the minION sequencer to get long-reads that might alleviate 
this bias and provide a better assembly outcome. 
Genome Assembly Comparison 
 
Figure 4: Comparison of the number of contigs generated for each of the methods used to 
assemble Delftia strain JKS000566. 
 
 
 
Figure 5: Comparison of the number of contigs generated for each of the methods used to 
assemble Delftia strain JKS000571. 
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Figure 6: Comparison of the number of contigs generated for each of methods used to assemble 
Delftia strain JKS000583. 
 
 The above figures clearly show a large disparity between the number of contigs generated 
by the hybrid assembly methods, in which the long and short reads were used in the assembly 
process, and the assemblies generated only used the short read Illumina data (Figure 4-6). Fewer 
contigs were produced when both long and short reads were used to assemble each Delftia 
genome. Also, a larger percentage of the total number of contigs had a length greater than 50,000 
base pairs when I performed hybrid assemblies compared to non-hybrid assemblies. Using 
hybrid assemblies were superior to using solely Illumina reads when using either assembler, 
Unicycler or SPAdes. There was also an advantage when using the Unicycler assembler over 
SPAdes, as evident by the fewer number of contigs produced when performing the hybrid or the 
Illumina only assemblies. 
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Figure 7: Comparison of the contig N50 for the different assemblies of the three Delftia strains. 
 
Further evidence that hybrid assemblies are superior to non-hybrid assemblies is their 
higher N50 values (Figure 7). In each comparison, using both short and long reads led to a higher 
N50 when either the SPAdes or Unicycler assemblers were used. There is also a clear benefit in 
using Unicycler over SPAdes, especially when the long minION reads were used for the 
assembly (Figure 7), as can be seen as the wide gap between the contig N50 of the Unicycler 
Hybrid assembly compared to all of the other assembly methods. This demonstrates how the 
addition of a small number of long minION reads can dramatically affect the quality of the 
assembly. Although Unicycler is the best assembler for these data, using a combination of short 
and long reads generates better assemblies when using either assembly algorithm. 
Biosynthetic Gene Clusters 
The ClustCompare pipeline was run to detect and compare the biosynthetic gene clusters 
(BGCs) present in the different strains, using the Hybrid Unicycler genome assemblies for each 
Delftia strain. The output from the first step in this pipeline, in which antiSMASH-4.1.0 
(Medema et al, 2011) was used to predict genes and identify BGCs, contained three files, each 
with a list of the all of the clusters that were found. 
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Figure 8: Representative images of all of the biosynthetic gene clusters annotated in the Delftia 
strain JKS000566 genome using antiSMASH-4.1.0. (Medema et al, 2011). The same clusters 
were found in each of the genomes of all three Deftia strains. 
 
Six different BGCs were identified in each Delftia genome by antiSMASH-4.1.0 (Figure 
8). Each of the input genomes of the isolated Delftia sp. strains had visually similar antiSMASH 
annotation. The detected cluster types include: Terpene, Type I Polyketide Synthase-Non-
Ribosomal Peptide Synthase (T1pks-nrps), Type II Polyketide Synthase (T2pks), Bacteriocin, 
and Resorcinol biosynthetic gene clusters. Some clusterblast homologs, or gene clusters with a 
high similarity, were identified for these cluster types. Four homologs with a clusterblast 
similarity >0.7 were found for the T1pks-rps clusters, including Delftibactin, Taiwachelin, 
Pyoverdine, and Serobactins biosynthetic gene clusters. These homologous clusters represent 
genes that encode for different iron-chelating molecules called siderophores. Siderophores have 
been studied for their application in medicine as a means of delivering antibiotics to resistant 
bacteria, which would help to alleviate the need for new antibiotics (Ali and Vidhale, 2013). The 
final two steps of the ClustCompare pipeline compared the similarity of these biosynthetic gene 
clusters, and these similarities were visualized using Cytoscape-3.6.1 software (Figure 9) to 
create a visual representation of the relationship between the different BGCs that were found in 
each Delftia sp. strain. The 6 groups of BGCs represent the all of the different types of BGCs 
identified using antiSMASH-4.1.0 and listed in Figure 8. The existence these closely related 
nodes indicates that all three Delftia sp. isolates contain the same six biosynthetic gene clusters, 
which could allow the strains to produce similar secondary metabolites. 
 
 
Figure 9: ClustCompare analysis showing the relatedness of different Delftia biosynthetic gene 
clusters to each other. The nodes colored green represent BGCs annotated in the JKS000583 
genome, nodes in red are those annotated in the JKS000571 genome, and nodes in blue are those 
annotated in the JKS000566 genome. The edges of this network represent the connections 
between different nodes or in this case represent gene clusters. The edges used to create this 
network were generated using a minimum cluster similarity score threshold of 0.3, a minimum 
average ortholog percent ID of 70, a minimum number of shared domains between clusters of 2, 
and a minimum percent of shared domains between clusters of 50. The above network was 
generated using Cytoscape-3.6.1 software. (Shannon et al., 2003). 
 
Average Nucleotide Identity 
Table 5: ANI genome similarity comparison of the Delftia strains used in this study. 
 Reference Genome: 
Delftia 
tsuruhantensis 
CM13 (accession 
number: 
GCA_001753225.1) 
JKS000566 JKS000571 JKS000583 
Reference Genome: 
Delftia 
tsuruhantensis 
CM13 (accession 
number: 
GCA_001753225.1) 
100% 98.66% 98.69% 98.65% 
JKS000566 98.66% 100% 99.96% 99.95% 
JKS000571 98.69% 99.96% 100% 99.95% 
JKS000583 98.65% 99.95% 99.95% 100% 
  Each Delftia genome sequenced in this study had >98% ANI similarity to D. 
tsuruhantensis CM13 and >99% ANI similarity to each other. These high ANI similarities >99% 
indicate that all of the Delftia strains in this study are likely members of the same species. It is 
also likely that the sequenced strains are members of the reference species, Delftia 
tsuruhantensis, because the cutoff for ANI similarity is considered to be >95%. (Goris et al., 
2007).  
 
Discussion 
 My results provide empirical evidence to support the presence of similar biosynthetic 
gene clusters in the genomes of three Delftia sp. strains isolated from the fungal cultivar of 
Trachymyrmex septentrionalis. 
 Three Delftia sp. isolates were sequenced using an Illumina Miseq sequencer using 
Nextera library preparation. Analysis of the raw sequencing data revealed that all three of these 
genomes had a high GC content, which had led to a bias in genome coverage in which GC rich 
regions were underrepresented (Figure 3). To alleviate this bias, each isolate was also sequenced 
using an Oxford Nanopore minION sequencer, which yielded low coverage long reads that could 
be used to supplement the Illumina reads during genome assembly 
 Four different genome assemblies were generated using sequencing data obtained from 
both Illumina MiSeq and Oxford Nanopore minION sequencing. Using both data sets to 
assemble the genomes of the Delftia sp. isolates yielded better assemblies than using the Illumina 
data alone (Figures 4-7). This could be seen when either SPAdes-3.11.1 or Unicycler-0.2.0 
assembly software was used in the assembly process. Unicycler-0.2.0 also yielded a higher 
quality hybrid assembly compared to the hybrid assembly generated by SPAdes-3.11.1.  
 The Hybrid Unicycler assemblies for all three Delftia sp. strains were compared and 
analyzed for the presence of biosynthetic gene clusters using the ClustCompare pipeline, which 
used antiSMASH-4.1.0 to detect and identify BGCs. Six unique gene clusters were identified in 
each isolate (Figures 8 and 9). I found that each gene cluster shared a close relationship to a 
similar cluster found in each of the other Delftia sp. genomes (Figure 9). This means that there is 
a high degree of similarity between the 6 biosynthetic gene clusters found in the genomes of the 
three isolates.  
 Using the Average Nucleotide Identity calculator to compare the similarity of each 
Delftia sp. isolate to one another and a to reference genome, I found that all the isolates species 
had a high nucleotide similarity or greater than 99%, indicating to a high degree of confidence 
that all three bacteria strains are of the same species (Table 5). In addition, all of the strains 
shared a greater than 98% nucleotide similarity with the selected reference genome of Delftia 
tsuruhantensis indicating that they are members of that species and can be classified as such. 
These results are interesting when looking at them in the context of work done by our 
collaborators in the Balunas Lab. Senior Honors student Brendan Stewart has tested the 
bioactivity of each of these strains as a part of his Honors Thesis. While he found no inhibitory 
bioactivity using pure extracts of all three Delftia tsuruhantensis strains against ESKAPE 
pathogens, JKS000566 and JKS000571 were found to inhibit the growth of Acinetobacter 
baumanii when cross streaked with methicillin-sensitive Staphylococcus aureus, Acinetobacter 
baumanii, Pseudomonas aeruginosa, and Bacillus subtilis. However, this inhibition was not seen 
when JKS000566 and JKS000571 were independently streaked with Acinetobacter baumanii 
indicating a potential interaction between the Delftia tsuruhantensis strains and the four 
pathogens. This difference in bioactivity is interesting considering that each of these genetically 
similar strains appears to encode for the same biosynthetic gene clusters. Based on these results 
the Balunas Lab will look to isolate and identify the antimicrobial compounds, encoded by the 
six biosynthetic gene clusters (Figure 8), produced from co-cultures of these strains with human 
pathogens. Given that each Delftia strain encodes for the same BGCs but demonstrates different 
antimicrobial activity, it is possible that expression of these genes may be mediated by 
interspecies interactions. This is supported by the observation that bioactivity was only seen for 
some of the strains when they were co-cultured with pathogens. Controlling expression through 
interactions would be beneficial for the conservation of energy until their production became 
useful, like in the reduction of competition for resources by other microorganisms. Another 
possible reason for the difference in bioactivity between these genetically similar strains could be 
a variation of epigenetic modifications to the bacterial genomes of the strains. 
The sequencing, assembly, and annotation of bacterial genomes can be used to isolate 
and identify genes that encode for secondary metabolites in the genomes of bacterial isolates 
which have been sequenced by the Joint Genome Institute (Table 1). As more sequences are 
generated the clusters can also be compared for similarity and tested for bioactivity which in turn 
can lead to a better understanding of the chemical compounds used by the microbial community 
to communicate and compete in the wider symbiosis of the Trachymyrmex septentrionalis fungus 
gardens. Identification of these compounds in the context of the microbial community can reveal 
the roles that these particular molecules have evolved to fill including defense against pathogens, 
which will contribute to our understanding of how BGCs co-evolve with resistance in the fungus 
garden environment. 
 
 
Supplemental Figures 
 
 
Supplemental Figure S1: This is a representative image of the UNIX command that was 
submitted to edit the raw Illumina reads of Delftia strain JKS000566 using Trimmomatic-0.36 
(Bolger et al., 2014). 
 
 
 
Supplemental Figure S2: This is a representative image of the UNIX command that was 
submitted to edit the raw Oxford Nanopore minION reads of Delftia strain JKS000566 using 
Nanofilt-2.0.0 (De Coster et al, 2018). 
 
 
Supplemental Figure S3: This is a representative image of the perl script that was used to 
perform two SPAdes-3.11.1 (Nurk et al., 2013) on Delftia strain JKS000566, with one using only 
reads generated from the Illumina MiSeq run and the other using both the short Illumina reads 
and the longer Oxford Nanopore minION reads. The same parameters were used for all three 
Delftia strain assemblies. 
java -jar ~/Tools/Trimmomatic-0.36/trimmomatic-0.36.jar PE -phred33 
HannahBeattyDelftiaStrains3_S104_L001_R1_001.fastq.gz 
HannahBeattyDelftiaStrains3_S104_L001_R2_001.fastq.gz JKS566_output_R1_paired.fastq 
JKS566_output_R1_unpaired.fastq JKS566_output_R2_paired.fastq 
JKS566_output_R2_unpaired.fastq ILLUMINACLIP:/home/sgoldstein/Tools/Trimmomatic-
0.36/adapters/NexteraPE-PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 
MINLEN:36 
 
gzcat JKS566_all_minION_reads.fastq | NanoFilt -q 9 -l 500 | gzip > 
JKS566_nanofilt_minION.fastq.gz 
#!/bin/bash 
#SBATCH --job-name=myscript 
#SBATCH -N 1 
#SBATCH -n 1 
#SBATCH -c 12 
#SBATCH --partition=himem1 
#SBATCH --mail-type=END 
#SBATCH --mem=100G 
#SBATCH --mail-user=hannah.beatty@uconn.edu 
#SBATCH -o myscript_%j.out 
#SBATCH -e myscript_%j.err 
 
module load SPAdes/3.11.1 
spades.py --pe1-1 JKS566_output_R1_paired.fastq --pe1-2 JKS566_output_R2_paired.fastq 
-o JKS566_SPAdes_Nextera_2_28_18 
spades.py --pe1-1 JKS566_output_R1_paired.fastq --pe1-2 JKS566_output_R2_paired.fastq 
--nanopore JKS566_nanofilt_minION.fastq -o JKS566_SPAdes_Hybrid_2_28_18 
  
 
Supplemental Figure 4: This is a representative image of the perl script that was used to 
perform two Unicycler-0.2.0. (Wick et al., 2017) on Delftia strain JKS000566, with one using 
only reads generated from the Illumina MiSeq run and the other using both the short Illumina 
reads and the longer Oxford Nanopore minION reads. The same parameters were used for all 
three Delftia strain assemblies. 
 
 
Acknowledgements 
 
 I would like to thank my principal investigator, thesis/honors advisor, and my Practical 
Methods in Microbial Genomics Professor Dr. Jonathan Klassen for providing me the 
opportunity to participate in research in his lab for all three years of my time as an undergraduate 
at the University of Connecticut and for his support through this and all of the projects that I 
#!/bin/bash 
#SBATCH --job-name=JKS566_Unicycler_2_28_18 
#SBATCH -N 1 
#SBATCH -n 1 
#SBATCH -c 12 
#SBATCH --partition=general 
#SBATCH --mail-type=END 
#SBATCH --mem=100G 
#SBATCH --mail-user=hannah.beatty@uconn.edu 
#SBATCH -o myscript_%j.out 
#SBATCH -e myscript_%j.err 
 
module load SPAdes/3.11.1 
module load java/1.8.0_77 
module load pilon/1.22 
module load gcc/4.9.1 
module load unicycler/0.4.3 
module load blast/2.7.1 
module load python/3.6.3 
module load bowtie2/2.2.6 
module load samtools/1.3.1 
module load racon/0.5.0 
 
unicycler -1 JKS566_output_R1_paired.fastq -2 JKS566_output_R2_paired.fastq -o 
JKS566_Unicycler_Nextera_2_28_18 
unicycler -1 JKS566_output_R1_paired.fastq -2 JKS566_output_R2_paired.fastq -l 
JKS566_nanofilt_minION.fastq -o JKS566_Unicycler_Hybrid_2_28_18 
 
have been a part of since joining the lab. I would also like to thank PhD student Sarah Goldstein 
for her help performing the whole genome sequences on the Oxford Nanopore minION 
sequencer and post-doctoral fellow Dr. Sarah Kopac for her work and guidance advancing the 
JGI genome sequencing project. In addition, I’d like to acknowledge UConn’s Mircobial 
Analysis, Resources, and Services (MARS) and Center for Genomic Innovation for providing 
their DNA sequencing resources.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
References 
Alexey Gurevich, Vladislav Saveliev, Nikolay Vyahhi, Glenn Tesler; QUAST: quality 
assessment tool for genome assemblies, Bioinformatics, Volume 29, Issue 8, 15 April 2013, 
Pages 1072–1075, https://doi.org/10.1093/bioinformatics/btt086 
Anthony M. Bolger, Marc Lohse, Bjoern Usadel; Trimmomatic: a flexible trimmer for Illumina 
sequence data, Bioinformatics, Volume 30, Issue 15, 1 August 2014, Pages 2114–
2120, https://doi.org/10.1093/bioinformatics/btu170 
Brad Spellberg, Robert Guidos, David Gilbert, John Bradley, Helen W. Boucher, W. Michael 
Scheld, John G. Bartlett, John Edwards, the Infectious Diseases Society of America; The 
Epidemic of Antibiotic-Resistant Infections: A Call to Action for the Medical Community from 
the Infectious Diseases Society of America, Clinical Infectious Diseases, Volume 46, Issue 2, 15 
January 2008, Pages 155–164, https://doi.org/10.1086/524891 
Matias J Cafaro, Michael Poulsen, Ainslie. E. F. Little, Shuana L. Price, Nicole M. Gerardo, 
Bess Wong, Alison E. Stuart, Bret Larget, Cameron R. Currie, (2011). Specificity in the 
symbiotic association between fungus-growing ants and 
protective Pseudonocardia bacteria. Proceedings of the Royal Society B: Biological 
Sciences, 278(1713), 1814–1822. http://doi.org/10.1098/rspb.2010.2118 
Christiam Camacho, George Coulouris, Vahram Avagyan, Ning Ma, Jason Papadopoulos, Kevin 
Bealer, Thomas L. Madden, BLAST+: architecture and applications. BMC Bioinformatics. 
2009;10:421. doi:10.1186/1471-2105-10-421. 
Centers for Disease Control and Prevention (2013). Antibiotic Resistant Threats in the United 
States, 2013. Available at: https://www.cdc.gov/drugresistance/pdf/ar-threats-2013-508.pdf  
Jon Clardy, Michael Fischbach, Cameron Currie, The natural history of antibiotics, Current 
Biology, June 9, 2009; 19(11): R437–R441. doi: 10.1016/j.cub.2009.04.001 
Cameron R. Currie, A Community of Ants, Fungi, and Bacteria: A Multilateral Approach to 
Studying Symbiosis. Annual Review of Microbiology 2001 55:1, 357-380  
Johan Goris, Konstantinos T. Konstantinidis, Joel A. Klappenbach, Tom Coenye, Peter 
Vandamme, James M. Tiedje (2007) DNA–DNA hybridization values and their relationship to 
whole-genome sequence similarities. International Journal of Systematic and Evolutionary 
Microbiology 57:81–91 
Rofina Johnkennedy, Novel Antimicrobial Compound Discovery in the Trachymyrmex 
septentrionalis Symbiosis. UConn MCB Honors Thesis. (2016). 
Stefan Kurtz, Arthur Phillippy, Arthur L. Delcher, Micheal Smoot, Martin Shumway, Corina 
Antonescu, and Steven L Salzberg, Versatile and open software for comparing large 
genomes. Genome Biology. 2004;5(2):R12. doi:10.1186/gb-2004-5-2-r12. 
Eric S. Lander, Micheal S. Waterman.(1988) Genomic mapping by fingerprinting random 
clones: a mathematical analysis, Genomics 2(3): 231-239.  
Marnix H. Medema, Kai Blin, Peter Cimermancic, Victor de Jager, Piotr Zakrzewski, Michael A. 
Fischbach, Tilmann Weber, Eriko Takano, and Rainer Breitling, (2011). antiSMASH: rapid 
identification, annotation and analysis of secondary metabolite biosynthesis gene clusters in 
bacterial and fungal genome sequences. Nucleic Acids Research, 39, W339–W346. 
http://doi.org/10.1093/nar/gkr466 
Mark Johnson, Irena Zaretskaya, Yan Raytselis, Yuri Merezhuk, Scott McGinnis, Thomas L. 
Madden. NCBI BLAST: a better web interface. Nucleic Acids Research. 2008; 36 :W5-W9. 
doi:10.1093/nar/gkn201. 
Sergey Nurk, Anton Bankevich, Dmitry Antipov, Alexey Gurevich, Anton Korobeynikov, 
Alla Lapidus, Andrey Prjibelsky, Alexey Pyshkin, Alexander Sirotkin, Yakov Sirotkin, 
Ramunas Stepanauskas, Jeffrey McLean, Roger Lasken, Scott R. Clingenpeel, Tanja Woyke, 
Glenn Tesler, Max A. Alekseyev, Pavel A. Pevzner (2013) Assembling Genomes and Mini-
metagenomes from Highly Chimeric Reads. Research in Computational Molecular Biology., vol 
7821.  
Christian Rabeling, Stefan P. Cover, Robert A. Johnson, and Ulrich G. Mueller. 2007. A review 
of the North American species of the fungus-gardening ant genus Trachymyrmex 
(Hymenoptera : Formicidae). Zootaxa.1664 1-53. 
Robert D. Finn, Penelope Coggill, Ruth Y. Eberhardt, Sean R. Eddy, Jaina Mistry, Alex L. 
Mitchell, Simon C. Potter, Marco Punta, Matloob Qureshi, Amaia Sangrador-Vegas, Gustavo A. 
Salazar, John Tate, Alex Bateman; The Pfam protein families database: towards a more 
sustainable future, Nucleic Acids Research, Volume 44, Issue D1, 4 January 2016, Pages D279–
D285, https://doi.org/10.1093/nar/gkv1344R.J. Scheffler, S. Colmer, H. Tynan, A.L. Demain, 
V.P. Gullo. Antimicrobials, drug discovery, and genome mining, Applied Microbiology 
Biotechnology (2013) 97: 969. https://doi.org/10.1007/s00253-012-4609-8 
Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N, Schwikowski B, Idek
er T. 2003. Cytoscape: a software environment for integrated models of biomolecular interaction 
networks. Genome Res 13:2498–2504.10.1101/gr.1239303 
Rodger Staden (1996) The Staden sequence analysis package. Molecular Biotechnology 5: 233–
241. 
WG Weisburg, SM Barns, DA Pelletier, and DJ Lane (January 1991). "16S ribosomal DNA 
amplification for phylogenetic study". Journal of Bacteriology. 173 (2): 697–703. 
doi:10.1128/jb.173.2.697-703.1991.  
Ryan R. Wick, Louise M. Judd, Claire L. Gorrie, Kathryn E. Holt (2017) Unicycler: Resolving 
bacterial genome assemblies from short and long sequencing reads. PLoS Computational Biology 
13(6): e1005595. https://doi. org/10.1371/journal.pcbi.1005595  
Syed A.S., Vidhale N.N., 2013. Bacterial siderophore and their application: a review. 
Int.J.Curr.Microbiol.App.Sci, 2(12): 303-312. doi: 10.1007/s11356-015-4294-0 
Wouter De Coster, Svenn D’Hert, Darrin T Schultz, Marc Cruts, Christine Van Broeckhoven; 
NanoPack: visualizing and processing long-read sequencing data, Bioinformatics, 
https://doi.org/10.1093/bioinformatics/bty149 
